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The characteristics of adsorption of both nitrogen and hydrogen by alkali metal- 
promoted ruthenium on active carbon (AC) were studied at temperatures from 
200 to 300°C and reduced pressures. Extensive nitrogen adsorption takes place on 
Ru-K and Ru-AC-K, but not on Ru-AC or K-AC. It is suggested that N, is 
first chemisorbed on Ru and migrates to alkali metal. The alkali metal seems to be 
partly transformed into amide under the synthesis condition, giving rise to a delayed 
appearance of ammonia in gas phase. 

INTRODUCTION 

It has been reported that the catalytic 
activity of transition metals for ammonia 
synthesis is remarkably promoted by addi- 
tion of alkali metal (1). The promoter ac- 
tion is likely to be provided by a charge 
transfer from alkali metal to transition 
metal which facilitates the formation of 
anionic intermediate over the transition 
metal (.2,3). On the other hand, it, has been 
found that a large amount of nitrogen and/ 
or hydrogen is sorbed by the ruthenium- 
active carbon-potassium catalyst on intro- 
duction of synthesis gas at 20(3-400°C (3), 
whereas the location of sorbed nitrogen has 
not been clear. The present paper deals 
with the adsorption of nitrogen of Ru-AC- 
K catalyst in the absence or presence of 
hydrogen, and discusses the nature of 
nitrogen sorption along with the mechanism 
of ammonia synthesis. 

EXPERIMENTAL METHODS 

Catalyst Preparation 

The catalysts used here were mostly 
composed of ruthenium, active carbon 
(AC) and potassium (or sodium). The 
method of catalyst preparation was the 
same as that reported previously (3). 

When azide of potassium or sodium was 
used instead of alkali metal, it was added 
in the following manner. The hydrogen-re- 
duced Ru-AC or the AC without Ru was 
mixed mechanically with KN, (or NaN,) 
powder in the reaction tube, evacuated at 
lFiO”C, heated up to 2%320°C to decom- 
pose KN, (or NaN,) for 20 hr and then 
heated to 400°C for 20 hr. The composi- 
tions and the activities of all the catalysts 
used in this study are listed in Table I. 

Measurement of Gas Adsorption and 
Ammonia Synthesis Rate 

The apparatus and procedure for the 
measurement of ammonia synthesis rate 
were the same as was reported previously. 
Measurement of gas adsorption was carried 
out in situ. Nr and H, content of the gas 
mixture was analyzed by gas chromatog- 
raphy. The determination of ammonia 
formed and trapped was intermittently 
made by evaporating it. 

KESI;I,TS AND IIISC~S~I~N 

Interaction of N, with Ru-AC-K 
catn1yst 

The time courses of nitrogen upt.ake on 
Ru-AC-K at 26O-280°C are shown in 
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TABLE 1 
PROPERTIES OF RUTHENIUM CATALYSTS 

N& 
syn th. 
rate at 

Cat- Al- 250°C 
Cd- alys t Al- kali (ml/ 
alyst Sup- Ru wt kali metal hr/g- 

no. port wtp w metal wt%” cat)d 

1 Glass 3.85 11.0 
2 AC 2.5 2.5 
3 AC 5.0 3.0 
4 AC 5.0 2.5 
5 AC 10.0 2.5 
6 AC 10.0 2.5 
7 AC 5.0 2.5 
8 AC 5.0 2.5 
9 AC 5.0 2.5 

10 AC 5.0 2.5 
11 AC*f 5.0 2.5 
12 AC* 5.0 2.5 
13 AC* 5.0 2.5 
14 AC 0 1.0 
15 AC 2.5 1.0 
16 AC 0 2.5 
17 AC 5.0 2.5 
18 AC 0 1.25 
19 AC 4.9 1.0 
20 AC 2.8 1.0 

K 
Na 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 
K 

- 

K 
NaNa 
NaNa 
KNa 
KNs 

1.73 0.10 
- 0.33 

16.9 - 
20.6 7.0 
12.3 - 
12.1 5.4 

7.3 2.2 
13.7 2.8 

7.4 1.3 
9.2 3.3 

18.4 .5 10 
27.6 - 
19.7 8.6 

0.0 - 
0 : - 
4.4 - 

10.1 0.21 
10.1 - 
18.4 1.8 
21.1 0.80 

a 70 for support wt. 
b Weight of (RuC13.3H,0 + support) before 

reduction. 
c Wt% for catalyst before reduction. 
d Reaction condition; Nt + 3H2 = 600 Torr, flow 

rate 4.5 STP liters/hr. 
e Coconut active carbon. 
1 Tsurumi coal. 

TABLE 2 
NITROGEN UPTAKE” BY Ru-AC-K CATALYST 

Cat- Ru (mg- K (mg- N uptake 
alyst atom/g- atom/ (mg-atom/ Temp 
no. cat) g-cat) g-cat) m 

1 0.35 0.42 0.01 295 
10 0.44 2.4 0.16 250 

8 0.44 3.5 0.16 275 
6 0.78 3.1 0.30 262 
4 0.44 5.3 0.38 235 

11 0.44 4.7 0.46 250 
3 0.44 4.3 0.48 300 

12 0.44 7.1 0.60 260 

u Nitrogen pressure; 300 Torr except for No. 3 
(540 Torr). 

Fig. 1. The nitrogen uptake attains satura- 
tion within a few hours. The saturated 
nitrogen uptakes by Ru-AC-K catalysts 
of different contents of Ru and K, deter- 
mined at 300 Torr (1 Torr = 133.3 N m-Zj 
and 235 to 3OO”C, are listed in Table 2, 
where it is conceivable that the nitrogen 
uptake depends upon K content rather 
than Ru content. Although the adsorption 
temperature is different, the effect of tem- 
perature is not extensive as observed in 
Nos. 3 and 11 where K content is similar 
but the temperature is different by 50°C. 
Figure 2 shows that the nitrogen uptake 
increases with K content. On the other 
hand, the nitrogen uptakes on AC (No. 14 
in Table l), 2.5% Ru-AC (No. 15) and 
4.4% K-AC (No. 16) were as small as 
0.01-0.02 mg-atom/g-cat. Accordingly, the 
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PIG. 1. Time course of Nz uptake by Ru-AC-K under 300 Torr, 262°C (catalyst No. 6 in Table 1) and 
281°C (catalyst No. 4). 
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FIG. 2. Dependence of Ns uptake on K added (from Table 2). 

observed nitrogen uptake should be as- 
cribed to the combination of Ru and K. 
Note in Table 2 that the number of nitro- 
gen atoms taken up by the Ru-AC-K can 
exceed that of Ru in the catalyst. This fact 
suggests that nitrogen is first dissociated 
into atoms over ruthenium and then mi- 
grates on to potassium surface where it is 
accumulated. Known nitrogen compounds 

of alkali metal are nitride and aside. 
Nitrides of Na and K are thermally un- 
stable. That is, Na3N and K,N reportedly 
decompose at 150°C and lower tempera- 
ture, respectively (4). Azides are known to 
be relatively stable. The decomposition 
temperatures are reportedly 300°C (NaN,) 
and 350°C (KN,) (4). However, the mix- 
ture of azide and AC or Ru-AC (Nos. 17- 

Time (hr) 
6’ 

Fro. 3. Time course of gas consumption and NH, production by catalyst No. 13 at 257°C (Nz + 3H, = 
600 Torr). 
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TABLE 3 
INITIAL UPTAKE OF Nz + H2 UNDER 

THE SYNTHESIS CONDITIONS 

K bg- Uptake of 
Catalyst Ru (mg- atom/ Nz + Ht 

no. atom/g-cat) g-cat) (mmol/g-cat) 

7 0.44 1.9 0.06 
9 0.44 1.9 0.13 
6 0.78 3.1 0.4x 

13 0.44 5.0 1.6 

a NI -I- 3Hz = 600 Torr, Temp = 262 f 6°C. 

20) was found to decompose slowly even at 
250°C and the decomposition was complete 
at 300 + 20°C in 20 hr. The decomposition 
product was identified to be molecular 
nitrogen. Soon after the complete decom- 
position of azide (KN,, NaN4) mixed with 
Ru-AC, the Ru-AC catalyst began to take 
up nitrogen and acquired the catalytic ac- 
tivity for the ammonia synthesis as shown 
in Table 1. This result can be understood 
as the activation by potassium metal, the 
decomposition product. Thus azide or ni- 
tride is unlikely to be formed by the inter- 
action of alkali metal with nitrogen. Prob- 
ably the nitrogen atoms migrated from Ru 
:surface remain on the potassium surface, 
without forming bulk compound. Note that 
all the adsorbed nitrogen including that on 

potassium is displaced with gas phase ni- 
trogen as revealed by the 15N tracer experi- 
ment (5). 

Interaction of Reactant Gas (N, + SH,) 
with Ru-AC-K Catalyst 

On introduction of reactant gas (NZ + 
3H,) over Ru-AC-K, gas uptake only was 
observed at first without production of am- 
monia. Figure 3 shows the time course of 
uptake and ammonia production by cata- 
lyst No. 13 at 257°C. In this case, a steady 
rate of ammonia production was attained 
after 4 hr, when the rate of gas uptake was 
equal to the rate of. ammonia production. 
The apparent induction period is thus esti- 
mated to be 2 hr. During this period, 1.6 
mmol/g-cat of reactant gas was absorbed. 
Such initial uptakes were measured over 
catalysts of different composition at around 
260°C and shown in Table 3. The initial 
uptake tends to increase with the potassium 
content. 

Hydrogen uptake was separately mea- 
sured on Ru-AC, K-AC and AC at 315°C 
and 300 Torr. The amounts of hydrogen 
uptake after 1 hr were 0.22 mg-atom/g-cat 
on 2.5% Ru-AC (No. 15)) 0.24 mg-atom/g- 
cat on 4.4% K-AC (No. 16) and negligibly 
small on AC. Since the hydrogen uptake by 
Ru-AC and K-AC was not negligible, the 
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/ 

.A------- 
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FIG. 4. Time course of Nt and Hz uptake on No. 3 at 300°C (N2 = 540 Torr till 15 hr, N* + 3H2 = 
600 Torr after 15 hr). 
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uptake of synthesis gas shown above must 
be the sum of uptakes of nitrogen and 
hydrogen. 

Thus the synthesis gas uptake was ex- 
amined by gas phase analysis. After nitro- 
gen was adsorbed on Ru-AC-K (No. 3) at 
300°C and 540 Torr for 15 hr, the gas 
phase nitrogen was replaced by synthesis 
gas (N, + 3Hz = 600 Torr) and the change 
of gas phase composition was followed by 
gas chromatography. The results are illus- 
trated on Fig. 4. It is seen that both up- 
takes of nitrogen and hydrogen rapidly in- 
crease on introduction of the synthesis gas 
and later slowly increase. The increase in 
nitrogen uptake must be caused by the 
presence of hydrogen, which indicates that 
some N-H compound is formed. In this 
respect it is to be noted that the ratio of 
incremental uptake of hydrogen to nitrogen 
may be assessed as 2 in later slow uptake. 
This result would be a sign of NH? forma- 
tion. Since the synthesis gas uptake tends 
to increase with the amount of potassium 
added as shown in Table 3, the NH, 
formed seems to lie on potassium. Indeed, 
potassium is known to react, with ammonia 

forming amide, which is stable at 250- 
300°C. Thus it. would be natural to assume 
that the potassium on Ru-AC-K catalyst 
is partly transformed into amide during 
ammonia synthesis. The apparent induc- 
tion period shown in Fig. 3 may be ac- 
counted for by the reaction between the 
initially produced ammonia and potassium 
to form amide. Since both nitrogen and hy- 
drogen uptakes are much less than potas- 
sium on atom basis (N/K = 0.14, H/K = 
0.24), added potassium should be largely 
metallic. 
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